Abstract: Background and objectives: There is insufficient epidemiological knowledge of hypouricemia. In this study, we aimed to describe the distribution and characteristics of Japanese subjects with hypouricemia. Materials and Methods: Data from subjects who underwent routine health checkups from January 2001 to December 2015 were analyzed in this cross-sectional study. A total of 246,923 individuals, which included 111,117 men and 135,806 women, met the study criteria. The participants were divided into quartiles according to their serum uric acid (SUA) levels. We subdivided the subjects with hypouricemia, which was defined as SUA level ≤ 2.0 mg/dL, into two groups and compared their characteristics, including their cardiovascular risks. Results: The hypouricemia rates were 0.46% overall, 0.21% for the men and 0.66% for the women (P < 0.001). The number of the subjects with hypouricemia showed two distributions at SUA levels of 0.4-1.1 mg/dL (lower hypouricemia group), which included a peak at 0.7-0.8 mg/dL, and at SUA levels of 1.4-2.0 mg/dL (higher hypouricemia group). The men in the higher hypouricemia group had lower body mass indexes (BMI) and triglyceride (TG) levels and had higher fasting blood glucose levels than those in the lower hypouricemia group. The women in the higher hypouricemia group were younger; had lower BMI, total protein, TG, total cholesterol and low-density lipoprotein cholesterol levels; and had higher estimated glomerular filtration rates levels compared to those in the lower hypouricemia group. Conclusions: The characteristics of the individuals in the lower and higher hypouricemia groups differed significantly, indicating different pathophysiologies within each group.
Introduction
Increases in uric acid clearance or decreases in uric acid production cause hypouricemia [1, 2] , which is defined as a serum uric acid (SUA) concentration ≤ 2.0 mg/dL [3, 4] . Patients with hypouricemia do not usually display any symptoms or complications and hypouricemia is often detected incidentally during routine health checkups.
Renal hypouricemia (RHUC) is caused mainly by urate transporter gene mutations, including SLC22A12 (URAT1) [5] and SLC2A9 (GLUT9/URATv1) [6] . This is important to note due to the risks associated with exercise-induced acute kidney injury [4] . Recently, the Japanese Society of Gout and Nucleic Acid Metabolism produced the first guidelines on RHUC, which recommend definitive diagnoses through more detailed examinations that should include measurements of the urinary excretion of urate and ruling out other uric acid-lowering diseases if patients have SUA levels ≤ 2.0 mg/dL. High SUA levels have been associated with elevated risks for cardiovascular events and mortality [7, 8] . In contrast, the findings of some studies have shown increased risks for cardiovascular events among subjects with low SUA levels, resulting in a "J-shaped" association between the SUA levels and the cardiovascular risks. The precise mechanisms that underlie these cardiovascular risks and the SUA values that are associated with the lowest cardiovascular risks remain unclear.
Our knowledge about hypouricemia remains inadequate because it is uncommon and thus, more detailed epidemiological descriptions are essential to facilitate investigations into the pathophysiology of hypouricemia. Based on the results from a previous study [9] , we developed the following hypotheses: (1) there are two independent distributions of individuals with hypouricemia, with the lower and higher hypouricemia groups having different characteristics; (2) the characteristics of the lower hypouricemia group do not differ from those of subjects who do not have hypouricemia; and (3) the higher hypouricemia group has the lowest cardiovascular risk. Herein, to describe the distribution and characteristics of Japanese subjects with hypouricemia, we conducted a descriptive analysis using data from a large number of subjects who underwent routine health checkups.
Materials and Methods

Study Population
The data from subjects who underwent routine health checkups from January 2001 to December 2015 at the JA Kagoshima Kouseiren Medical Health Care Center were analyzed in this cross-sectional study. Individuals who were receiving treatment for gout or hyperuricemia and those who had histories of or were undergoing treatment for malignancies were excluded. We also excluded subjects who did not have data that described their SUA levels or the other variables used in the analyses. Figure 1 shows the flow diagram for the subjects in this study. We analyzed 246,923 individuals, which included 111,117 men and 135,806 women. If the subjects had been examined more than once during the period studied, we only used the results from the first examination to avoid double counting.
This study conformed to the principles of the Declaration of Helsinki and it was approved by the institutional ethics committees of Kyoto University's Graduate School of Medicine (No. R1443) and JA Kagoshima Kouseiren Hospital (No. 168). This study conformed to the principles of the Declaration of Helsinki and it was approved by the institutional ethics committees of Kyoto University's Graduate School of Medicine (No. R1443) and JA Kagoshima Kouseiren Hospital (No. 168).
Data Collection
Blood pressure was measured using a mercury sphygmomanometer after the subjects had sat quietly for 5 min. Blood samples were obtained from the subjects while they fasted. The levels of SUA and those of other biochemical parameters, including aspartate transaminase (AST), alanine aminotransferase (ALT), total bilirubin, total protein, creatinine, triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and fasting blood glucose (FBG), were measured using standard laboratory procedures. Hypouricemia was defined as an SUA level of ≤ 2.0 mg/dL [10] . The estimated glomerular filtration rate (eGFR) was determined using the new Japanese coefficient for the modified isotope dilution mass spectrometry-traceable Modification of Diet in Renal Disease study equation: eGFR = 194 × serum creatinine level −1.094 × age −0.287 (1) For women, the eGFR was multiplied by a correction factor of 0.739 [11] . A self-administered questionnaire was used to obtain information about an individual's cigarette smoking status that was categorized as smoker or nonsmoker, which included never smoker or past smoker. Furthermore, we used this questionnaire to determine their alcohol drinking status, which categorized them as an infrequent drinker defined as drinking on ≤10 days/month or a frequent drinker defined as drinking on >10 days/month. Data regarding current medication for hypertension, diabetes mellitus and dyslipidemia were also obtained using the questionnaire.
Statistical Analysis
We divided the subjects into quartiles according to their SUA levels. Within the first quartile, the subjects with hypouricemia that was defined as an SUA level < 2.0 mg/dL were subcategorized into two subgroups, which were namely the lower hypouricemia group and higher hypouricemia group, because two distinct prevalence distributions were evident. The cutoff point between the groups was 
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For women, the eGFR was multiplied by a correction factor of 0.739 [10] . A self-administered questionnaire was used to obtain information about an individual's cigarette smoking status that was categorized as smoker or nonsmoker, which included never smoker or past smoker. Furthermore, we used this questionnaire to determine their alcohol drinking status, which categorized them as an infrequent drinker defined as drinking on ≤ 10 days/month or a frequent drinker defined as drinking on >10 days/month. Data regarding current medication for hypertension, diabetes mellitus and dyslipidemia were also obtained using the questionnaire.
Statistical Analysis
We divided the subjects into quartiles according to their SUA levels. Within the first quartile, the subjects with hypouricemia that was defined as an SUA level ≤ 2.0 mg/dL were subcategorized into two subgroups, which were namely the lower hypouricemia group and higher hypouricemia group, because two distinct prevalence distributions were evident. The cutoff point between the groups was the SUA value that corresponded to the lowest number of subjects between the two prevalence distributions.
As the SUA levels differ substantially between sexes, men and women were analyzed separately. The continuous variables are expressed as the means and the standard deviations, except for the AST, ALT and TG levels that are expressed as the medians [first quartiles, third quartiles]. The categorical variables are expressed as numbers and percentages. We showed the characteristics in each group and described those with and without hypouricemia.
We compared these groups using one-way analysis of variance for all continuous variables, except for the AST, ALT and TG levels for which we used the Kruskal-Wallis test and the chi-squared test for the categorical variables. After this, we compared the characteristics of the subjects in the lower and higher hypouricemia groups using Student's unpaired t-test for all the continuous variables, except for the AST, ALT and TG levels for which we used the Wilcoxon signed-rank test and the chi-squared test for the categorical variables. Furthermore, we compared the subjects in the lower hypouricemia group or those in the higher hypouricemia group with the subjects who did not have hypouricemia to determine whether the lower hypouricemia group or higher hypouricemia group had particular characteristics.
The statistical analyses were performed using JMP Pro, version 11 (SAS Institute Inc., Cary, USA) for Windows. P values < 0.05 were considered to be statistically significant.
Results
Prevalence of Hypouricemia
The hypouricemia rates were 0.46% (n = 1135) overall, 0.21% (n = 235) for the men and 0.66% (n = 900) for the women (P < 0.001). Figure 2 presents the distribution of the subjects in relation to the SUA levels according to sex. Two distributions of prevalence occurred at SUA levels ≤ 2.0 mg/dL that were evident for both sexes. One group of individuals was distributed around SUA levels of 0.4-1.1 mg/dL, with a peak at 0.7-0.8 mg/dL. The other group of individuals corresponded to SUA levels ≥ 1.4 mg/dL and the numbers of individuals rose gradually to a peak at 2.0 mg/dL and continued smoothly to SUA levels ≥ 2.1 mg/dL. In the region of the graphs where the SUA levels were ≤ 2.0 mg/dL, there are two visible distributions. One group of individuals was distributed around SUA levels of 0.4-1.1 mg/dL, with a peak at 0.7-0.8 mg/dL. The other group of individuals corresponded to SUA levels ≥ 1.4 mg/dL and the numbers of individuals rose gradually to a peak at 2.0 mg/dL and plateaued at SUA levels > 2.1 mg/dL. SUA = serum uric acid
Two Hypouricemia Distributions
Between the two distributions, the lowest number of individuals corresponded to an SUA level of 1.3 mg/dL. Using this value as the cutoff point, we divided the subjects with SUA < 2.0 mg/dL into In the region of the graphs where the SUA levels were ≤ 2.0 mg/dL, there are two visible distributions. One group of individuals was distributed around SUA levels of 0.4-1.1 mg/dL, with a peak at 0.7-0.8 mg/dL. The other group of individuals corresponded to SUA levels ≥ 1.4 mg/dL and the numbers of individuals rose gradually to a peak at 2.0 mg/dL and plateaued at SUA levels > 2.1 mg/dL. SUA = serum uric acid Between the two distributions, the lowest number of individuals corresponded to an SUA level of 1.3 mg/dL. Using this value as the cutoff point, we divided the subjects with SUA ≤ 2.0 mg/dL into two groups, which were namely the lower hypouricemia group with SUA levels of 0.0-1.3 mg/dL and the higher hypouricemia group with SUA levels of 1.4-2.0 mg/dL. The lower hypouricemia group was comprised of 173 men (0.16%) and 221 women (0.16%) (P = 0.577) and the higher hypouricemia group was comprised of 62 men (0.06%) and 679 women (0.51%) (P < 0.001). Table 1 shows the clinical characteristics of the subjects categorized according to their SUA levels. As the SUA levels rose from 1.4-2.0 mg/dL to the fourth quartile, consistent positive trends were evident for both sexes regarding the body mass index (BMI) and TP, AST, ALT and TG levels while consistent negative trends were apparent regarding the eGFRs and HDL-C levels. As the SUA levels rose from 1.4-2.0 mg/dL to the fourth quartile, the mean age gradually declined among the men and it increased among the women. All analyzed variables showed different trends in SUA levels of 0.0-1.3 mg/dL.
Characteristics of the Study Population Categorized According to the Serum Uric Acid Levels
The results of the comparison between the subjects with hypouricemia and without hypouricemia are shown in Table 2 . In men, the subjects with hypouricemia were older and had lower levels of TC and higher levels of FBG and eGFR compared with those without hypouricemia. In women, the subjects with hypouricemia were younger and had lower levels of BMI, SBP, TP, ALT, TC, TG and LDL-C; lower proportion of medication for hypertension and dyslipidemia; higher levels of AST, HDL-C, FBG and eGFR; and higher proportion of medication for diabetes compared with those without hypouricemia. Unless otherwise stated, the data presented are the means and standard deviations or the medians {first quartiles, third quartiles}. AST = aspartate transaminase; ALT = alanine aminotransferase; BMI = body mass index; eGFR = estimated glomerular filtration rate; FBG = fasting blood glucose; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SBP = systolic blood pressure; SUA = serum uric acid; T-bil = total bilirubin; TC = total cholesterol; TG = triglyceride; TP = total protein. Unless otherwise stated, the data presented are the means and standard deviations or the medians {first quartiles, third quartiles}. ALT = alanine aminotransferase; AST = aspartate transaminase; BMI = body mass index; eGFR = estimated glomerular filtration rate; FBG = fasting blood glucose; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SBP = systolic blood pressure; SUA = serum uric acid; T-bil = total bilirubin; TC = total cholesterol; TG = triglyceride; TP = total protein.
Characteristics in the Lower and Higher Hypouricemia Groups
Compared with the women in the lower hypouricemia group, those in the higher hypouricemia group were significantly younger and their BMIs and TP, AST, ALT, TC, TG and LDL-C levels were lower, their eGFRs were higher and fewer drank alcohol frequently (Table 3 ; comparison I). The men in the higher hypouricemia group had significantly lower BMIs and lower TG levels than those in the lower hypouricemia group (Table 3 ; comparison I). The characteristics of the male and female subjects in the lower hypouricemia groups and those of the individuals without hypouricemia did not differ significantly (Table 3 ; comparison II). In men, compared with those without hypouricemia, the subjects in the higher hypouricemia group were older and had lower levels of BMI and TG; higher levels of FBG and eGFR; and higher proportion of medication for diabetes. In women, the subjects with higher hypouricemia were younger and had lower levels of BMI, SBP, TP, AST, ALT, TC, TG and LDL-C; lower proportion of frequent alcohol drinkers and medication for hypertension; higher levels of HDL-C, FBG and eGFR; and higher proportion of medication for diabetes compared with those without hypouricemia (Table 3 ; comparison III). Unless otherwise stated, the data presented are the means and standard deviations or the medians {first quartiles, third quartiles}. ALT = alanine aminotransferase; AST = aspartate transaminase; BMI = body mass index; eGFR = estimated glomerular filtration rate; FBG = fasting blood glucose; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SBP = systolic blood pressure; SUA = serum uric acid; T-bil = total bilirubin; TC = total cholesterol; TG = triglyceride; TP = total protein.
Possible Cardiovascular Risks Associated with the Bottom of the J-Shaped Curve
The characteristics of the individuals in each of the SUA categories according to sex are illustrated in Figure 3 . Age, eGFR and FBG and HDL-C levels were at their highest while BMI and LDL-C levels were at their lowest in male subjects in the SUA 1.4-2.0 mg/dL category. The eGFR and HDL-C levels were at their highest while age, BMI and systolic blood pressure, LDL-C and TG levels were at their lowest in female subjects in the 1.4-2.0 mg/dL category.
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Discussion
This is the first study to analyze over 1000 people with hypouricemia and to subdivide the study cohort for in-depth analyses of their characteristics. The prevalence of hypouricemia is low. To investigate the distribution and characteristics of patients with hypouricemia, we needed to obtain sufficient number of subjects with hypouricemia and conduct research on such populations. The study's main findings showed that (1) the hypouricemia rates were 0.46% overall, 0.21% for men and 0.67% for women (P < 0.001); (2) the prevalence of hypouricemia peaked at SUA levels of 0.0-1.3 mg/dL and 1.4-2.0 mg/dL and the characteristics of the individuals in these subgroups differed; (3) the characteristics of the subjects whose SUA levels were 0.0-1.3 mg/dL and those without hypouricemia did not differ; and (4) subjects of both sexes whose SUA levels were 1.4-2.0 mg/dL had the lowest BMIs and LDL-C and TG levels and the highest HDL-C levels and eGFRs.
Prevalence of Hypouricemia
The prevalence of hypouricemia, which was defined as ≤ 2.0 mg/dL, was 0.51% among outpatients in Turkey [11] and 0.53% in Korea [12] . In Japan, Wakasugi et al. reported that 0.21% of men and 0.39% of women within the general population had hypouricemia [13] . Kuwabara et al. reported that the prevalence of hypouricemia in the general population showed regional differences in Japan and 0.068% of men and 0.310% of women in Tokyo had hypouricemia, while 0.318% of men and 1.237% of women in Yonago had hypouricemia [9] . The findings from these studies suggest that differences exist regarding the prevalence of hypouricemia according to race and region and that compared with men, the prevalence of hypouricemia is 2-4-fold higher in women. The prevalence of hypouricemia in this study differed from the rates reported previously. However, the ratio of men-to-women who had hypouricemia concurred with those reported previously.
A particularly noteworthy finding from this study was the peak in prevalence that occurred at SUA levels of 0.6-1.3 mg/dL in both sexes. The findings from a previous study also showed a peak at similar SUA levels [9] . We speculate that different pathophysiologies underlie hypouricemia at SUA levels of 0.6-1.3 mg/dL and at higher SUA levels. In this study, the subjects were assigned to the lower hypouricemia group (SUA level 0.0-1.3 mg/dL) or the higher hypouricemia group (SUA evel 1.4-2.0 mg/dL). Similar proportions of men and women were present in the lower hypouricemia group. Sugihara et al. investigated SCL22A12 mutations in 26 hypouricemic patients and found that all patients with SUA levels < 1.3 mg/dL had SLC22A12 mutations and that the male-to-female ratio was almost equal [14] . Reports from other studies have not described preponderances of men among patients with RHUC [15] or among asymptomatic patients with SLC22A12 mutations [16, 17] . The present study's almost equal male-to-female ratio in the lower hypouricemia group suggests that this group included individuals with the SLC22A12 mutation. It seems unlikely that sex differences exist regarding hypouricemia because the SLC22A12 and SLC2A9 genes are on autosomal chromosomes. In contrast, the higher hypouricemia subgroup in this study had different percentages of men (0.06%) and women (0.51%) (P < 0.001). The previously described disparities between men and women regarding the prevalence of hypouricemia may relate to differences in the numbers of individuals with SUA levels of 1.4-2.0 mg/dL.
Difference of the Characteristics between the Two Groups of Hypouricemia
For the first time, we have provided a detailed description of the characteristics of subjects with SUA levels ≤ 2.0 mg/dL. We found a discontinuous peak in the distribution of the individuals at SUA levels of 0.6-1.3 mg/dL. In contrast, the proportion of subjects with SUA levels of 1.4-2.0 mg/dL increased successively as the SUA levels rose and they continued to increase to peaks at SUA levels of 6.0 mg/dL for men and 4.4 mg/dL for women.
By comparing the lower and higher hypouricemia groups with respect to some demographic and clinical characteristics, we verified that the characteristics of individuals in these groups differed.
Many baseline characteristics differed between the women in the lower hypouricemia group and those in the higher hypouricemia group. Compared with those in the higher hypouricemia group, the subjects in the lower hypouricemia group were significantly older, their BMIs, systolic blood pressure and TG and LDL-C levels were higher and their eGFRs were lower. Interestingly, no differences were found between subjects in the lower hypouricemia group and those without hypouricemia, indicating that the characteristics of the subjects whose SUA levels were 0.0-1.3 mg/dL were similar to those of the individuals without hypouricemia. Hence, we speculate that the subjects with SUA levels of 0.0-1.3 mg/dL may have had RHUC, which is caused by urate transporter gene mutations and that they did not differ from the subjects in the higher quartiles, except for their extremely low SUA levels. In contrast, transient uric acid-lowering factors, for example, vegetarian diets [18, 19] , medication [20] and medical conditions, including diabetes and liver disease [21] , may have been associated with the hypouricemia in subjects with SUA levels of 1.4-2.0 mg/dL.
The men in the lower and higher hypouricemia groups showed statistically significant differences in relation to a limited number of variables only, regardless of the differences in the numerical values; this may have been a consequence of the low level of statistical power that was caused by the low number of individuals in the higher hypouricemia group. If we compared the characteristics of subjects with 0.0-1.3 mg/dL with those with SUA 1.4-2.5 mg/dL, the subjects with SUA 0.0-1.3 mg/dL showed significantly higher BMI and TG and lower age, HDL-C, FBS levels and eGFR compared with those with SUA 1.4-2.5 mg/dL (Table S1 ). In contrast, no differences were observed between the men in the lower hypouricemia group and those without hypouricemia. The women showed similar results, which suggests that individuals whose SUA levels are 0.0-1.3 mg/dL may have RHUC and that other uric acid-lowering factors may be involved in those with SUA levels of 1.4-2.0 mg/dL.
SUA Values Associated with the Bottom of Cardiovascular Risks
Several investigators have reported that the association between SUA levels and risk of cardiovascular events or mortality follows a J-shaped curve. Verdecchia et al. reported that SUA levels < 4.5 mg/dL in men and < 3.2 mg/dL in women were associated with increased risks of cardiovascular diseases [22] . Mazza et al. showed that subjects with SUA levels < 4.9 mg/dL had increased risks of cardiovascular mortality [23] . Although uric acid is one of the most powerful antioxidants and scavengers of singlet oxygen and radicals [24] , the precise mechanisms underlying the association between low SUA levels and the increase in cardiovascular risks remain unclear. Furthermore, the SUA value at the bottom of the J-shaped curve has not been elucidated.
Regarding the established cardiovascular risk factors, including the BMI, serum lipid profiles and renal function, the results from the current study suggest that SUA levels at the bottom of the J-shaped curve were between 1.4 mg/dL and 2.0 mg/dL. In contrast, the subjects in the lower hypouricemia group had different cardiovascular risk factor profiles that were similar to those of the subjects without hypouricemia. It is possible that the previously reported elevations of cardiovascular risks in groups of individuals with low SUA levels, which were namely < 3.0 mg/dL or < 4.0 mg/dL, were caused by the inclusion of individuals with SUA levels of 0.0-1.3 mg/dL in the analysis, which would have resulted in the risks appearing to be greater than those at slightly higher SUA levels, thereby producing a J-shaped curve. Even if the results from the previous studies had been adjusted for some confounding factors, others would not have been considered, such as inflammation [25] , small dense LDL-C [26] and lipoprotein (a) [27] . Further studies are warranted to explore the association between low SUA levels and cardiovascular risks.
Study Limitations
Our study has several limitations. First, the subjects underwent health checkups at a single facility only. Second, this study was cross-sectional, SUA levels and other confounding factors were only measured once and we did not consider the variations associated with the measurement of each uric acid value. However, it is notable that the study involved a large number of individuals, accounting for approximately 20% of the adults in the Kagoshima Prefecture and we collected data from over 1000 individuals with hypouricemia. Third, we did not measure urinary excretion of uric acid. Therefore, we could not determine whether the hypouricemia was caused by a decrease in the production of uric acid or an increase in its urinary excretion. Fourth, since there was no consensus on how to decide the cutoff value in two different distributions, we adopted the uric acid value in this study, which contained the lowest proportion of subjects with hypouricemia, as the cutoff point of two distributions in hypouricemia. Finally, we did not include data that described medications, such as diuretics and renin-angiotensin system inhibitors, or pregnancy status and menopause in women that may affect serum UA levels.
Conclusions
We have described the distribution of hypouricemia within the Japanese general population in detail and analyzed the characteristics of hypouricemic individuals. The distribution of the individuals formed two peaks within the range of SUA levels that were defined as hypouricemia and the characteristics of the individuals in these two groups differed, which suggests differences regarding the pathophysiology of hypouricemia. Further studies are warranted to explore the precise pathophysiology of hypouricemia and the influence of hypouricemia on cardiovascular events. Funding: This research received no external funding.
